A serologically distinct avian metapneumovirus (aMPV) was isolated in the United
tions has ranged from 0 to 30%, with condemnations due to air sacculitis. The absence of serological reactivity by aMPV/COinfected birds with aMPV serotype A (aMPV/A) or serotype B (aMPV/B) isolates and genomic sequence diversity of the U.S. isolates clearly demonstrated emergence of new avian pneumovirus strains previously considered exotic to North America (39) (40) (41) 43) .
Pneumoviruses are members of the family Paramyxoviridae which contain a nonsegmented, single-strand, negative-sense RNA genome that is approximately 15 kb long. Related viruses include human, bovine, ovine, and caprine respiratory syncytial viruses (RSVs) and pneumonia virus of mice (PnVM) (11) , as well as the recently identified human MPV (hMPV) (48) . Human RSV (hRSV) encodes 10 genes, compared to 6 or 7 in other paramyxoviruses. The 10 genes encode the nonstructural proteins (NS1 and NS2), nucleoprotein (N), phosphoprotein (P), matrix protein (M), small hydrophobic protein (SH), surface glycoprotein (G), fusion protein (F), second matrix protein (M2), and a viral RNA-dependent RNA polymerase (L). The pneumoviruses have an F protein that promotes cell fusion, but these viruses do not hemagglutinate and the G attachment proteins of these viruses do not have neuraminidase activity. These are important characteristics distinguishing the pneumoviruses from the other paramyxoviruses (11) .
Classification of European aMPV isolates was initially based on physical characterization of the virion (10), electrophoretic mobilities of viral proteins (30) , and number of mRNA species detected in aMPV-infected cells (8) . The putative gene order of aMPV (3ЈN-P-M-F-M2-SH-G-L5Ј) is different from its  hRSV counterpart (3ЈNS1-NS2-N-P-M-SH-G-F-M2-L5Ј) , wherein the SH and G genes are located 5Ј to the M2 gene (29) . The extreme 3Ј and 5Ј ends of one European aMPV genome was determined and established that the NS1 and NS2 genes are absent in the avian viruses (37) . This is different from their RSV counterparts and along with a smaller L gene results in aMPV having a genome of only 13.3 kb (38) . Since aMPV has no NS1 or NS2 gene but has a M2 gene with structural characteristics similar to those of other pneumoviruses, it has become the type virus of a new genus within the Metapneumovirus (36) . The recently identified hMPV has a genome structure essentially equivalent to aMPV with a reported genome length of 13,378 nucleotides (47) .
The G gene of aMPV encodes the surface glycoprotein responsible for cell attachment and serves as one of the major antigens of pneumoviruses. The G protein is known to be the most variable protein in hRSV (7, 17, 21) and other MPVs, including aMPV/A, aMPV/B, and aMPV/D (4, 24) . To further understand the molecular structure and epidemiology of aMPV, we completely sequenced and examined phylogenetic relationships of the cell surface glycoprotein (G) of the aMPV/C serotype circulating within the United States. Furthermore, the predicted amino acid sequence of the G protein of aMPV/C was compared with the sequences of the G proteins of other members of the Pneumovirinae subfamily, including the recently identified hMPV, isolated from patients with acute respiratory disease.
Viral propagation and cDNA synthesis of the G attachment protein gene. aMPV strains Colorado (aMPV/CO/96/C), Minnesota 1a (aMPV/MN1a/97/C), Minnesota 2a (aMPV/MN2a/ 97/C), and Minnesota 7 (aMPV/MN7/99/C) were propagated in Vero cells (40, 41, 43) . All viral stocks are maintained at passage level four. Briefly, Vero cells were cultured in growth medium (minimal essential medium [MEM], 5% fetal bovine serum, 1% 100ϫ antibiotic-antimycotic solution [100ϫ solution is 10,000 g of streptomycin, 10,000 U of penicillin, and 25 g of amphotericin B per ml]) to 95% confluence. Cells were infected at a multiplicity of infection (MOI) of 0.1, adsorbed for 1 h at 37°C, and overlaid with maintenance medium (MEM, 2% fetal bovine serum, 1% 100ϫ antibiotic-antimycotic solution). Infected cells were incubated at 37°C with 5% CO 2 for 48 to 72 h or until Ͼ90% cytopathic effect (CPE) was observed by light microscopy. Infected cells were harvested by scraping and centrifugation. Total RNA from aMPV/Cinfected cells was purified by using RNAeasy Mini total RNA isolation kit (Qiagen, Valencia, Calif.) according to the manufacturer's protocol. Briefly, total aMPV/C-infected cell RNA was reverse transcribed (32) using aMPV/C G1 primer (5Ј AACATGGAGCCCCTGAAAGTCTCT-3Ј) and aMPV G1321c primer (5Ј-TTTTTGGTTGTTGCCTGTCTCTT-3Ј) at 60°C utilizing Thermoscript (Invitrogen, Carlsbad, Calif.). The full-length gene was subsequently amplified by PCR (3) for 35 cycles utilizing primers G1 and G1321c with an annealing temperature of 60°C. The DNA fragment was isolated from an agarose gel using Qiaquick agarose gel purification kit (Qiagen) and cloned (31) into pCR-XL Topo cloning vector (Invitrogen) according to the manufacturer's protocol. Editing nucleotide sequences, prediction of amino acid sequences, and computer predictions of protein structures were done using the DNASTAR (Madison, Wis.) and GeneWorks 2.3 programs (Intelligenetics, Mountain View, Calif.). Sequence alignments were performed by the CLUSTAL W method (45) . Nucleotide sequence analysis, including determination of synonymous and nonsynonymous substitutions (33) , was conducted using the Molecular Evolutionary Genetics Analysis system (MEGA) (25) . To determine relationships among aMPV isolates and to determine how protein sequence information is related to the current virus designations, analysis was performed by Phylogenetic Analysis Using Parsimony (PAUP*4.0b10) (44) after 2,000 bootstrap replications (18) .
Nucleotide sequence of the aMPV/C G gene and analysis of the predicted protein. The attachment G-protein gene of aMPV/CO/C was 1,321 bases long, which is 61 nucleotides longer than the G genes of aMPV/A and aMPV/B (24) . The aMPV/C G gene is 136 nucleotides longer than the aMPV/D G gene (4) and 710 nucleotides longer than the hMPV G gene (47) . The transcription start sequence of the aMPV/C G gene was identical to the conserved sequence (GGGACAAGU) of other aMPV genes (15, 28, 29, 41) , followed by the AUG start codon at nucleotide position 14. There was one major open reading frame from residues 14 to 1321, encoding a predicted protein of 435 amino acids with an M r of 48,843 and a net charge of 23.15 at neutral pH. A second putative leader sequence (GGGACAAGU) was identified at positions 715 to 723, followed by a second putative open reading frame spanning positions 728 to 1321, encoding a predicted protein of 197 amino acid residues with an M r of 22,024 and a net charge of 11.20 at neutral pH.
Analysis of the predicted aMPV/C G attachment protein by BLAST (2) revealed two mucin-like motifs encompassing amino acid positions 21 to 163 and 190 to 433 with potential transmembrane regions within these areas from residues 24 to 45 and 266 to 287 (Fig. 1) . These highly basic regions are potentially important for heparin binding on the membrane surface of infected cells and play a key role in pneumovirus entry into cells (16) . Between the two mucin-like regions is a conserved hydrophobic domain that includes the fractalkinelike CX3C chemokine sequence CSYAC from positions 172 through 176 (Fig. 1) . The CX3C region of hRSV binds to the CX3CRI receptor, the specific receptor of the chemokine fractalkine. This is a chemokine motif found in the hRSV G protein that may be important in trafficking of pulmonary polymorphic neutrophils (PMNs) and natural killer cells during infection. It may also contribute to altered chemokine mRNA expression of macrophage inflammatory protein 1␣ (MIP-1␣), MIP-1␤, MIP-2, monocyte chemoattractant protein 1, and interferon-inducible protein 10 (IP-10) by bronchoalveolar leukocytes (46) . (Table 1) . The nucleotide sequence identity of the aMPV/CO/C and aMPV/MN2a/C G gene was 98.6% with 12 nonsynonymous and 6 synonymous differences resulting in a nonsynonymous to synonymous substitution ratio of 2. The greater number of nonsynonymous nucleotide substitutions suggests that positive selection has occurred (20) since aMPV/C was isolated in Colorado in 1996. The nucleotide sequence identity of the aMPV/ CO/C and aMPV/MN7/C G genes was 86.3%, which was similar to the values reported for other genes in these two isolates (43) , while the nucleotide sequence identity between the G gene of aMPV/CO/C and the combined SH-G genes of hMPV was 42.5% (Table 1 ). The sequence identities of aMPV/CO/C G gene with the aMPV/A, aMPV/B, aMPV/D, hRSV, and bRSV sequences was 33.3, 33.9, 34.2, 34.0, and 36.3%, respectively. The predicted amino acid sequence of the aMPV/CO/C G protein was aligned with the G-protein amino acid sequences of other members of the Pneumovirinae (Fig. 1) , and percent identities for the aMPV/CO/C G protein and the G proteins of aMPV/A, aMPV/B, aMPV/D, hRSV, bRSV, and PnVM ranged from 4 to 16.5%. The percent sequence identity values increased to 97, 72, and 21 for aMPV/CO/C and aMPV/ MN2a/C, aMPV/MN7/C, and hMPV (combined SH-G proteins), respectively. Several motifs were identified among either the MPVs or between the aMPV/C viruses and hRSV G proteins, but little or no consensus was apparent in the predicted amino acid G-protein sequences for all viruses examined. In the MPVs, there was a conserved CX2LX2LCX3P sequence within the amino-terminal mucin-like region, which may be important for heparin binding on cell surfaces (16) . There are several common motifs in the G-protein sequences of aMPV/C and hRSV or bRSV; these motifs include KX4IXLXLL at the amino terminus, followed downstream by LXLXK. In the central portion of the G protein is a conserved motif, CX2LX2LCX3P. When the conserved hydrophobic domains containing the CX3C motif were examined separately, a similar pattern was detected. Specifically, the CX2CX5CX3C motif for hRSV and CXCX7CX3C motif for aMPV/C were present, with the four conserved cysteine residues previously shown to be involved in forming two disulfide bridges (5, 27) .
Among the aMPV/C isolates ( Fig. 1) , the G-protein region from residues 161 through 178 containing the CX3C motif was highly conserved [C(T/I)CIYALNWDCS(Y/H)ACER]. There was only an Y-to-H substitution in the aMPV/MN2a/C protein at position 174 and an I-to-T substitution at position 165 of the aMPV/MN7/C isolate compared to the aMPV/CO/C protein.
There were no amino acid substitutions in the predicted G proteins of aMPV/CO/C and aMPV/MN1a/C isolates, with 100% sequence identity. However, several amino acid substitutions occurred in the predicted G proteins of the aMPV/ MN2a/C isolate and the aMPV/CO/C virus; these substitutions occurred throughout the predicted G protein and were reflected by the greater number of nonsynonymous nucleotide substitutions in the aMPV/MN2a/C gene relative to synonymous changes. In the aMPVs from the United States isolated early, this was reported for the fusion (F) protein gene (41) and was further substantiated for other aMPV/C structural genes (43) . More striking differences were found in the G predicted amino acid sequence of the aMPV/MN7/C virus relative to either aMPV/CO/C or aMPV/MN2a/C, wherein a substantial number of substitutions occurred from residues 203 through 270 and from residues 363 through 380. Consequently, certain portions of the aMPV G protein may be more hypervariable, as occurs with other viral agents (6, 42) . Finally, the G-protein variation among aMPV/C isolates potentially parallels similar evolution of hRSV (21) and hMPV (19, 34, 35) into two phylogenetically distinct groups.
Phylogenetic analysis of pneumovirus G genes. The G attachment glycoprotein gene is the most variable of the pneumovirus proteins, and this diversity has been utilized for phylogenetic classification and development of diagnostic methods (7, 17, 22, 26) . As demonstrated for the N, P, M, F, and M2 genes (43) , the aMPV/C isolates were phylogenetically distinct from aMPV subtypes A, B, and D (Fig. 2) . This is the first phylogenetic analysis of all MPVs utilizing G-protein sequences. Most notably, aMPV/C isolates segregated as a distinct cluster closer to the human pneumoviruses, in particular hMPV. Antigenic differences occur between aMPV subtype A and B isolates, although they behave as one serotype in neutralization tests (9, 14) . The U.S. aMPV/C isolate was serolog- ically less related to aMPV/A or aMPV/B isolates, even though biochemical characteristics of all the MPVs are very similar (13) . Genomic sequence analysis again confirmed the antigenic uniqueness of the U.S. virus (13) and supports classification of the U.S. isolate of aMPV as a subtype (subtype C) distinct from its European aMPV counterparts (40, 41, 43) . Nucleotide sequence accession numbers. The nucleotide sequences for the gene sequences reported in this study have been deposited in GenBank, and the accession numbers are AF513020 for aMPV/CO/C, AY198393 for aMPV/MN2a/C, and AY198394 for aMPV/MN7/C.
